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EXPERIMENTAL INVESTIGATION OF A 2. 5-CENTIMETER -DIAMETER 
KAUFMAN MICROTHRUSTER 
by Allan J. Cohen 
Lewis Research Center 

SUMMARY 

A 2. 5-centimeter-diameter Kaufman electron bombardment microthruster was 
fabricated and tested. The microthruster design was based on the 15-centimeter- 
diameter SERT II and 5-centimeter-diameter Lewis experimental thruster designs. 

The microthruster with a two-grid system, operating at a net accelerating potential of 
600 volts and an accelerator potential of 500 volts, produced a calculated 445- 
micronewton (100-plbf) thrust when it was run with a 9-milliampere beam current. A 
glass grid was initially used in testing. Later a two-grid system was successfully in- 
corporated. Both the propellant utilization efficiency and the total power efficiency were 
lower than for large-size advanced thrusters, as expected; but they were sufficiently 
high that 2. 5-centimeter thrusters show promise for future space applications. Total 
power of the microthruster with an assumed 7-watt hollow -cathode neutralizer was less 
than 30 watts at a thrust level of 445 micronewtons (100 /ilbf) . The hollow cathode was 
operated at zero tip heater power for power requirement tests. 


INTRODUCTION 

Electric thrusters of various designs have been researched and developed for a 
period of about a decade. Some electric thrusters with thrust levels in the micronewton 
(micropound) range have become operational as auxiliary propulsion devices on space- 
craft (ref. 1). Prior to this work, the smallest mercury electron bombardment thruster 
was a 5-centimeter-diameter (5-cm) thruster with a 1780-micronewton (400-/nlbf) thrust 
level. This thruster has been developed by the Lewis Research Center and the Hughes 
Research Center (refs. 2 and 3) for space application. At this thrust level a 5-cm 
electrostatic thruster could be used for the auxiliary propulsion role of north- south 
stationkeeping for a 350-kilogram (770 lbm) synchronous spacecraft (ref. 4). Smaller 



electric thrusters with lower thrust levels may be required for east -west stationkeeping 
and attitude control of a synchronous spacecraft (ref. 4). 

In this report, descriptions of tests made with a 2. 5-centimeter-diameter (2. 5-cm) 
Kaufman thruster using mercury propellant and operated at a nominal thrust level of 445 
micronewtons (100 /Ltlbf) are presented. This thruster is the smallest mercury electron 
bombardment thruster tested to date at the Lewis Research Center. The thruster design 
is based on designs of the SERT n thruster (ref. 5) and those of the 5-cm thruster pre- 
viously mentioned. 

To be competitive with existing systems, an electric microthruster must have low 
operating power, high reliability, and long life. The latter two requirements should be 
partially satisfied if the 2. 5-cm microthruster can be operated in a manner similar to 
that of the flight-tested SERT n thruster (refs. 6 and 7). To achieve a low operating 
power level, however, a low -specific -impulse grid system and low-powered hollow 
cathodes must be used. For a power level goal of less than 30 watts for 445- 
micronewton (100-julbf) thrust operation, the two hollow cathodes of the microthruster 
should be operated at less than about 5 watts each. This is lower than the operating 
value in the SERT II program. 

In this microthruster program, tests were conducted on two 2. 5-cm thrusters using 
two different low -specific -impulse grid systems. First, a microthruster with a glass 
grid was performance tested, and power requirements were noted. Second, a somewhat 
longer microthruster incorporating a low -specific -impulse, two-grid system was oper- 
ated. Performance and power requirements were recorded and are presented in this 
report. 


APPARATUS AND PROCEDURE 
Thruster Design 

Figures 1 and 2 are schematics of the two thruster designs tested in the program. 
Both thruster designs had an anode diameter of 2. 5 centimeters. The short thruster 
(fig. 1) had a discharge-chamber-length-to-anode-diameter ratio of 0. 6, while the long 
thruster (fig. 2) had a ratio of 1. 0. The dimensions of the mild-steel collar and the pole 
piece were the same for both thruster designs. The collar extended 0. 6 centimeter back 
on the chamber body. The cathode pole piece had an inner diameter of 0. 8 centimeter 
and a length of 0. 4 centimeter. Like the 5-cm thruster (refs. 2 and 3), this thruster 
had a cathode pole piece with an open-side configuration, as shown in figure 1. This 
pole piece was fabricated from six mild- steel rods set in the backplate, forming a circle 
and capped with a mild-steel ring. The open sides of the cathode pole piece were 
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wrapped with a stainless- steel mesh. Both thruster designs used a solid disk-shaped 
baffle 0. 47 centimeter in diameter. It was supported by three wires in the position 
shown in figures 1 and 2. The mercury flow for both thrusters entered the chamber 
through the hollow cathode. The combination of the baffle and the open-side cathode pole 
piece was designed to distribute the mercury vapor, a technique that has shown good 
chamber performance (ref. 2). 

The short thruster used seven 0. 3 12 -centimeter -diameter permanent magnets which 
gave a measured magnetic -field strength of 10. 4 millitesla (104 G) in front of the baffle 
on the thruster centerline. The long thruster used 12 similar -diameter permanent mag- 
nets. The measured magnetic -field strength was 22. 0 millitesla (220 G) at the same 
point. The use of a stronger magnetic field in the long thruster was based on the au- 
thor's experience with discharge-chamber, magnetic -field interaction. 

The keeper was made from a 0. 25-millimeter-thick tantalum sheet in the form of a 
disk with a hole in it. It was sandwiched between two insulating sheets and placed as 
shown in figures 1 or 2. The keeper, in conjunction with the hollow -cathode holder, es- 
sentially formed an enclosed keeper design like that used in the 5-cm thruster. Keeper 
holes of 0. 625 centimeter or 0. 312 centimeter were used. 


Thruster Grid Systems 

Two thruster grid systems were used in the project. The first system was a glass- 
coated grid, which was operated, on the short thruster. The base for the glass was a mo- 
lybdenum, perforated, circular sheet that had a thickness of 0. 025 centimeter. The per- 
forations were a hexagonal array of circular holes 0. 125 centimeter in diameter. The 
distance from hole center to hole center was 0. 165 centimeter, with a minimum webb 
thickness of 0. 040 centimeter. The open area of the perforated molybdenum sheet was 
51 percent. As described in reference 8, a thermally compatible glass coating of nom- 
inally 0. 050-centimeter thickness was bound to the upstream surface of the metal grid. 
Because the glass penetrated the holes, the open area with the glass coating was 33 per- 
cent. The holes in the glass grid extended somewhat beyond the 2. 5-centimeter- 
diameter chamber. The remaining solid molybdenum sheet was also covered with a 
smooth glass coating to provide electrical insulation. The grid was mounted to three in- 
sulators, as shown schematically in figure 1, and was separated from the front of the 
collar by a 0. 037 -centimeter gap. Further information on this type of grid is found in 
reference 9. 

The second grid system, used on the long thruster, consisted of two perforated mo- 
lybdenum circular sheets: a screen grid butted to the collar, and a downstream acceler- 
ator grid (see fig. 2). The two grids were separated by a 0. 050 -centimeter-thick mica 
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spacer. A hexagonal array of 0. 187 -centimeter-diameter holes was drilled into the 
screen grid with a hole-center-to-hole-center distance of 0. 222 centimeter. A matching 
array of holes, 0. 150 centimeter in diameter, was drilled into the accelerator. All 
holes in the screen grid and in the accelerator grid were contained inside a circle with 
a 2. 5 -centimeter diameter. The screen was 0. 025 centimeter thick and the accelerator, 
0. 050 centimeter thick. The screen grid had a 65-percent open area compatible with 
present high-open-area, good-performance screen grids (ref. 5), while the accelerator 
open area was 42 percent. 


Ho How -Cathode Designs 

The hollow cathode used in the two test series was a SERT II type that is described 
in reference 10. Briefly, it consisted of a 0. 31-centimeter-diameter tantalum tube with 
a 2-percent-thoriated tungsten tip. An approximately 0. 025-centimeter-diameter hole 
1 millimeter long was sandblasted in the center of the tip. 

A tungsten-rhenium heater coil placed close to the tip was embedded in a flame- 
sprayed aluminum oxide coating. A tantalum foil insert coated with barium carbonate 
was set into the cathode tube. For operation, the hollow cathode was wrapped with many 
layers of tantalum foil for the purpose of conserving heater power. 

In the latter part of the second test series a slightly different hollow -cathode de- 
sign was used. A commercially available, 80-percent-dense, porous tungsten tip was 
press fit into a molybdenum tube. Because the porous tungsten was impregnated with 
barium oxide, no barium-carbonate-coated insert was used. A 0. 02 5 -centimeter hole 
was sandblasted into the tip. Since it was found impossible to spot weld one side of the 
tungsten-rhenium heater coil to the molybdenum tube as in the SERT II heater design, a 
slip-on swaged heater was used. This heater - hollow-cathode configuration was ineffi- 
cient even though a tantalum foil shield was used. Both hollow cathodes were affixed 
with a thermocouple at the side of the tip about 0. 3 centimeter from the front edge with 
leads set below the tantalum foil. 


Electrical Setup 

The microthruster was run off a power package schematically depicted in figure 3. 
The keeper, discharge, and accelerating power supplies were direct-current supplies 
with polarities as shown. The remaining were alternating -current heater supplies. 

The discharge power supply, as well as the keeper power supply, were current con- 
trolled. The keeper supply had a maximum output of 500 volts, while the discharge sup- 
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Figure 3. - Electrical block diagram of power package. 


ply had a maximum output of 100 volts. The net accelerating voltage supply had a maxi- 
mum output of 600 volts, but later was replaced by a 900-volt supply. The accelerator 
supply had a maximum output of 500 volts. For simplicity, a heated-tungsten-wire 
neutralizer was used throughout the program. The power supplies and thruster floated 
below ground to a voltage displayed by a voltmeter labeled Vg in figure 3. A dummy 
load was used with two calibrated 1-percent -accurate meters to calibrate the power- 
package panel meters. Electrical-panel-meter data were accurate to ±3 percent. 


' Facilities 

\ 

The microthruster was run into a metal-and-screen enclosure placed in a bell jar, 

as shown in figures 4 and 5. The thruster was operated face down aimed at a stainless- 

steel conical beam target. The plasma beam was contained by the metal-and-screen 

enclosure to prevent it from affecting electrical readouts. The liquid mercury flow was 

measured by timing the fall in a true-bore glass tube. Estimated flow accuracy is 

±10 percent. The flow rate was controlled by a heated porous vaporizer. The bell jar had 

- 5 _ s 

a liquid-nitrogen- cooled plate and maintained pressures of 1x10 to 2x10 torr while 

the thruster was operating. In a later test the microthruster was operated in a short 

30-centimeter-diameter port connected to a 1. 1-meter-diameter tank. The tank pres- 
-fi 

sure was 8x10 torr with the thruster operating. 


6 













Thrust Level of Microthruster 


Figure 6 shows the variation of required ideal beam current J B against net accel- 
erating voltage Vj for microthruster operation at three different thrust levels. The 
first test series, using a glass grid, was operated at a net accelerating voltage of 
400 volts and a beam current of 10 milliamperes to obtain a nominal 445 micronewtons 
(100 /j.Ibf) of thrust. In a later test the microthruster with a two-grid system was 
operated at a net accelerating voltage of 600 volts and a beam current of 9 milliamperes 
to give a nominal 445 micronewtons (100 /ilbf) of thrust. 



Figure 6. - Thruster beam current as function of net accel- 
erating potential for three levels of ideal thrust (i. e. , no 
loss due to beam divergence or double ions). 


Starting Procedure of Microthruster 

The keeper - hollow-cathode discharge was lighted first, the discharge was trans- 
ferred to the main anode. To light the keeper discharge with an insert-type (SERT n) 
hollow cathode required the tip temperature to be 1100° C as measured by the tip ther- 
mocouple, the flow of mercury to be set at a level about 25 to 50 percent above the de- 
sired beam currents, and the keeper voltage to be raised to 500 volts. With a new 
hollow-cathode insert the keeper discharge lighted in the order of minutes after these 
conditions were met. The keeper current was then set at 80 to 90 milliamperes, slightly 
above the operating value needed to allow the main discharge to light, and remained at 
this level. The keeper voltage, after lighting occurred, fell from the level of 500 volts 
to below 50 volts; and the discharge voltage determined by the discharge current was 
normally between 40 and 60 volts during operation. 
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RESULTS AND DISCUSSION 


Tests of Microthruster with a Glass Grid 


The first part of table I presents test data for the short microthruster with a glass 
grid operating with an equivalent neutral flow rate of 15. 5 milliamperes. The beam cur- 
rent was varied from 6 to 12 milliamperes. The accelerating potentials were 400 volts 
for the net accelerating potential and 200 volts for the negative accelerator potential. 


TABLE I. - THRUSTER OPERATING DATA 
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a Long thruster, two metal grids, with impregnated-tip hollow cathode and 


smaller keeper hole. 

'’Operation of design (a) in large vacuum facility. 
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With a beam current of 10 milliamperes, the microthruster had a calculated thrust of 
445 micronewtons (100 julbf), which is the focal point of these data. The discharge volt- 
ages are higher than operating values of larger hollow -cathode thrusters, which operate 
at about 40 volts. Double ionization of the mercury propellant is greater at high dis- 
charge voltages and at 50 volts might reach values of 10 percent. This causes calculated 
values of thrust and propellant utilization to be somewhat higher than actual values. 

Figure 7 shows discharge power per beam current as a function of propellant utiliza- 
tion for the microthruster operating with a glass grid. Data for the curves were taken 
from table I. Two curves are shown in the figure. The lower curve includes only power 
applied to the main discharge, while the upper curve includes the additional power of the 



Figure 7. - Discharge energy as function of propellant util- 
ization for short thrusterwith glass grid. Equivalent 
neutral flow, 15.5 milliamperes,- net accelerating poten- 
tial, 400 volts; negative accelerator potential, 200 volts. 
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keeper discharge. As can be seen, the keeper discharge contributed to the total dis- 
charge power of the microthruster, a power as great as and greater than the main dis- 
charge power alone. Hence, although the main discharge power scaled down in the mi- 
crothruster program, the keeper power associated with the hollow cathodes used in the 
program did not scale down. Because the data inadvertently were ended at abeam cur- 
rent of 12 milliamperes, the behavior at the upper end of figure 7 was incomplete; how- 
ever, later tests will show complete curves. 

One of the reasons for such a large keeper power in the microthruster is the large 
keeper voltage. In larger-diameter thrusters, keeper voltages of the order of 10 volts 
are common. By using data of table I, a plot of keeper voltage against discharge power 
(main discharge only) is shown in figure 8. The keeper voltage dropped with increased 



Figure 8. - Keeper voltage as (unction of discharge 
power (not including keeper power) for short thrust- 
er with glass grid. Same conditions as in figure 7. 


discharge power, but relatively high values of keeper voltage existed over the entire 
range of discharge power. 

Table II shows calculated thruster power, propellant utilization, and specific impulse 
for the microthrusters tested. Values in the table correspond to the 10-milliampere 
beam current level of table I. Assumed in this table are 7 watts power and 2 milli- 
amperes equivalent neutral flow for a hollow- cathode neutralizer. These neutralizer 
conditions are the same as the type successfully operated in the 5- cm program (ref. 3). 
With the total thruster power of 20. 1 watts, the power-thrust ratio was 45 watts per 
millinewton (200 W/mlbf). 

One of the reasons for low thruster power of table n is that the hollow cathode was 
operated at zero tip heater power. Both the neutralizer and the main hollow cathode of 
the 5-cm thruster have operated with no tip power. High tip power, however, is needed 
to start the discharge; but this requirement occurs when the overall power requirement 
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is low (thruster beam off) and is not charged against thruster efficiency. It took nom- 
inally 25 to 30 watts of tip heater power to start the thruster discharge. This power 
could be reduced to zero, however, in steady- state operation. 

In figure 9 a curve showing the effect of varying the net accelerating voltage on the 
operation of the microthruster with a glass grid is presented. The beam current for 
this figure was 10 milliamperes at a constant flow rate of 15. 5 milliamperes. The fig- 
ure indicates a slight decrease in main discharge power at higher net accelerating volt- 
ages. This trend was also true when keeper power was included. 



Figure 9. - Discharge energy as function of net accelerating 
potential for short thruster with glass grid. Equivalent 
neutral flow, 15. 5 milliamperes; beam current, 10 milli- 
amperes; negative accelerator potential, 200 volts. 

Data for the- short microthruster operating with an equivalent neutral flow of 23 mil- 
liamperes are presented in the middle of table I. The beam current was varied from 
5 to 17 milliamperes, the maximum obtainable, for these data. The net accelerating 
potential was 500 volts, and the negative accelerator potential was 200 volts. The main 
discharge voltages are lower in these data than in the previous data. The keeper volt- 
ages for the high -beam -current values are also lower than for similar operation for the 
previous data. 

An interesting feature of the data is that increased discharge power (the product of 
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discharge voltage and current) produced higher beam currents, to a maximum of 17 mil- 
liamperes. Further increase of discharge power, however, resulted in an actual re- 
corded dip of the beam current. Similar operating features have been encountered in 
other tests with hollow -cathode bombardment thrusters and, when they occur, must be 
considered in thruster control logic. 

Figure 10 is a plot of discharge energy per beam ion as a function of propellant 
utilization. Data for the plot were taken from table I. Only the main discharge power 



Figure 10. - Discharge energy as function of 
propellant utilization for short thruster with 
glass grid. Equivalent neutral flow, 23 milli- 
amperes. 

is included in the lower curve. From the curves it can be seen that the microthruster 
has a maximum propellant utilization of 74 percent. Because the data are made up of 
low discharge voltages, double ionization is not a factor. This maximum value of 
74 percent is lower than is found in larger thrusters of similar design and is in qualita- 
tive agreement with the maximum utilization theory of reference 11. 

By taking the optimum operating point from table I corresponding to a 
17-milliampere beam current, the values of table n were calculated. Total thruster 
power was 25. 3 watts at a calculated thrust of 800 micronewtons (180 /ulbf), resulting 
in a power -thrust ratio of 31. 5 watts per millinewton (140 W/mlbf). 


Tests of Microthruster with Two-Grid System 


Performance data and power requirements . - Electron bombardment thruster tests 
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using a SERT n design and a glass grid have resulted in high-performance, low-specific- 
impulse operation, as can be seen, for example, in reference 12. However, as indicated 
in reference 9, high-performance operating with a glass grid has been found to be de- 
pendent on facility backsputtering onto the glass holes. In addition, discharge -chamber 
sputtered deposits condensing on the glass grids may seriously limit glass-grid lifetime. 
Therefore, low-specific-impulse, high-performance, two-grid systems have been re- 
emphasized. Thus, the microthruster underwent further tests with a low-specific- 
impulse, high-performance, two-grid system. A high-open-area, close-spaced, thin- 
screen-grid, two-grid system previously described was used. 

Although the two-grid system used had a mica spacer for testing, the incorporation 
of a spaceworthy mount design would not be a major problem. In addition, the use of 
two, thin, flat grids does not present a thermal buckling problem because of the small 
aspect ratio of this small -diameter thruster. 

In this test series, a longer thruster was chosen for testing based on the hypothesis 
that a larger-volume discharge plasma would have a lower impedance and, hence, a 
lower discharge voltage. 

The lower part of table I presents test data for the long thruster with a two-grid 
system operating with an equivalent neutral flow rate of 14 miUiamperes. For one test 
at 14-milliampere flow rate, a hollow cathode with a new insert was used and, for these 
performance measurements, was operated at a tip heater power of about 10 watts. 

Later, however, it was found that operation with zero tip heat was possible; and, there- 
fore, for power measurements, the thruster was run with no tip heater power. The 
beam current in the test was varied between 4 and 12 milliamperes. The accelerating 
potentials were necessarily higher for this two-grid system than for the similar run with 
a glass grid presented in the upper part of table I. For the accelerating potential used 
here, a beam current of 9 milliamperes corresponds to a calculated thrust level of 
445 micronewtons (100 iilbi). The discharge voltages, as expected, are lower in this 
test than in the test represented by table I. This is true for comparisons made between 
similar operating values of propellant utilization. 

Figure 11 represents chamber performance data for operation of the microthruster 
with a two-grid system plotted from the data of table I. The curves of figure 11 depict 
main and total discharge energy per beam ion as a function of propellant utilization. As 
with previous data for the thruster with a glass grid, the keeper discharge represents a 
significant portion of the total discharge power, as can be seen in the upper curve of 
figure 11. This curve of total chamber power decreases with increasing beam until a 
minimum is reached. The minimum corresponds to the knee of the lower curve. 

From the data of table I, two plots, shown in figures 12 and 13, were made. Fig- 
ure 12 shows a curve of discharge voltage as a function of beam current. Simply stated, 
higher discharge voltages are required for increases in beam current at a constant neu- 
tral flow rate. In figure 13, discharge current is shown as a function of discharge volt- 
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Propellant utilization, r; u , percent 

Figure 11. - Discharge energy as function of propellant 
utilization for long thruster with two-grid system. Equiv- 
alent neutral flow, 14 milliamperes; net accelerating po- 
tential, 600 volts; negative accelerator potential, 500 volts. 
Data from table I. 
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Figure 12. - Discharge voltage as function of 
beam current for long thruster with two- 
grid system. Same conditions as in figure 11. 


Discharge voltage, AVj, volts 

Figure 13. - Discharge current as function of discharge 
voltage for long thruster with two-grid system. Same 
conditions as in figure 11. 





age, for the microthruster with an extracted beam current. The plot shows a monotonic 
increase of discharge current with increasing discharge voltage. 

Table I presents data for the long thruster with a two-grid system operating at a 
thrust level of 445 micronewtons (100 /xlbf) and a flow rate of 15 milliamperes. The 
thruster hollow cathode was operated at zero tip heater power as stated before, and 
thruster parameters and power requirements were recorded. Comparing data of this 
run with the similar beam current data in table I shows some small variations. The 
impingement current is slightly higher in this test but is within a normal value of 1 per- 
cent of the beam current. The discharge voltage was somewhat lower at 42 volts, and 
the keeper power varied only slightly between tests. The total thruster power including 
an assumed hollow-cathode neutralizer for the test run was 20. 4 watts with a propellant 
utilization of 53 percent, and the power-thrust ratio was 46 watts per millinewton 
(204 W/mlbf). 

Tests of impregnated-tip hollow cathodes . - After about 20 test runs (including 
startups) with the microthruster using the initial hollow cathode, it became impossible 
to operate the thruster at zero tip heater power. This problem was eliminated by in- 
stalling a new hollow-cathode insert. Zero-tip-heat operation has been shown in the 
5-cm program and in the microthruster program, but zero tip heat was not maintained 
throughout this test. Although the SERT II program showed consistent hollow-cathode 
behavior when strict test procedures were used, the requirement of zero tip heat was 
not included in that program. 

Three difficulties of maintaining zero-tip-heat performance are (1) the hydroscopic 
barium oxide (BaO) formed on activation of a hollow cathode can physically flake off on 
opening to atmosphere; (2) the activated surface might be chemically poisoned either 
during running or on opening to atmosphere; and (3) sputtering or evaporation due to ion 
bombardment or startup may destroy the activated surface during hollow -cathode opera- 
tion. 

Therefore, a differently designed hollow-cathode tip was tried. The tip of this hol- 
low cathode was made of BaO-impregnated tungsten, and no insert was used. Impreg- 
nated, porous tungsten cathodes can be exposed to air and be reused with possibly less 
damage to the activated surface than present designs. The impregnated tip, presumably, 
might be able to be gradually surface-worn by sputtering and still maintain activation. 

Table II compares the operation of the microthruster with the impregnated hollow- 
cathode tip with the operation of a similar microthruster with a SERT II-type hollow 
cathode. In addition, in this test and in further tests, a smaller keeper hole (0. 32-cm 
diam instead of a 0. 64-cm diam) was used and resulted in a lower keeper voltage. Ac- 
celerating potentials, beam currents, discharge powers, and impingement current are 
quite similar in both test runs. The microthruster with the impregnated tip would not, 
however, operate without tip heater power or below about 700° C tip temperature. In 
fact, after a number of test runs the required heater power seemed to level off at a 
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TABLE II. - CALCULATED THRUSTER PERFORMANCE 



Short thruster with 
glass-coated grid 

Long thruster 
with two metal 
grids 

Thrust a , juN (plbf) 

410 (92) 

777 (17 5) 

450 (101) 

Thruster power, W: 

Hi 



Beam 


8. 5 

5.4 

Discharge 

mm 

4.8 

1.7 

Keeper 

4.0 

2.0 

3. 3 

Vaporizer 

3.0 

3.0 

3.0 

Cathode 

0.0 

0.0 

0.0 

Neutralizer (est. ) 

(7.0) 

(7.0) 

(7.0) 

Total power 

20. 1 

25. 3 

20.4 

Propellant utilization 

0.60 

0. 68 

0. 53 

(including neutralizer) 




Specific impulse, sec 

1200 

1520 

1300 

Power-thrust ratio, 

49 (218) 

33 (145) 

45 (202) 

W/mN (W/mlbf) 





a Ideal thrust, no loss assumed for beam divergence or 


double ions. 


heater power somewhat higher than recorded in table I. The impregnated-tip cathode, 
however, consistently lighted after a number (5 to 10) of runs and after a number of 
openings to atmosphere. This is not typical for hollow cathodes with coated tips (acti- 
vator applied to tip rather than insert). The thruster operation with this hollow cathode 
maintained the same type of performance as the microthruster with a SERT-type hollow 
cathode. A simple improvement to the impregnated hollow cathode can be suggested. 

That is the use of an impregnated insert instead of an impregnated tip. This approach 
has resulted in zero-tip-heat operation in a simulated ion thruster (private communica- 
tion from H. Hudson of Lewis Research Center). 

Discharge sensitivity to neutral flow rate . - It was observed in the running of the 
microthruster and has been observed in other hollow -cathode thrusters that the discharge 
voltage was sensitive to neutral flow rate (ref. 12). A test run to document this behavior 
was made and results are shown in figure 14. The beam current was held at 9 milliam- 
peres. Flow rates varied from 13. 5 to 18 milliamperes. As a result of the variation of 
flow rate, a variation of discharge voltage occurred with increased flow rate, causing 
decreased discharge voltage. Thus, it can be stated that geometric designs must be 
matched to flow rate in order to maintain a set discharge voltage. 

Two-grid system test . - A test of grid perveance for the microthruster with a 
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Figure 14. - Discharge voltage as function of propel- 
lant flow for long thruster with two-grid system and 
an impregnated-tip cathode. Beam current, 9 milli- 
amperes; net accelerating voltage, 600 volts; nega- 
tive accelerator potential, 500 volts. 



Net accelerating potential, Vj, volts 

Figure 15. - Accelerator impingement current as function of net ac- 
celerating voltage for long thruster with two-grid system. Grid 
separation, 0.05 centimeter; "R" = Vj/(V] + V A >, where is 
negative accelerator potential. 
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two-grid system was made. Figure 15 is a plot of accelerator grid impingement curves 
for beam currents of 5, 9, and 12 milliamperes. Data were taken as in reference 13. 
The curves show net accelerating voltages below which the microthruster could not 
operate with low impingement. The maximum net accelerating voltage was the power 
supply limit. The "R" ratio for each curve was constant. ("R M is defined as the ratio 
of net-to-total accelerating voltages. ) Figure 16 is a log-log plot of beam current 
against total accelerating voltage at the knee of the curves in figure 15. A straight line 
through the three points of figure 16 has a slope of 1. 7, which compares to 1. 5 power 
dependence of Child's law. The grid data, if compared on the basis of beam current 
density, agree well with the low-specific-impulse data of reference 14. 



Figure 16. - Beam current of figure 15 as function 
of total accelerating voltages at the knee. 


Impingement current is also shown for operation at 14-milliampere flow rate and 
an "R" ratio corresponding to the 14-milliampere flow rate data of table I. The 
9-milliampere beam current of figure 15 had a "knee voltage" only 50 volts lower than 
the accelerating voltages of table I. Therefore, at beam currents larger than 9 milli- 
amperes, the impingement current increases, as indicated in table I. 

Large facility test . - As a last test the impregnated-tip microthruster was operated 
in a vacuum tank of the size used to test thrusters of 5 to 30 centimeters in diameter. 

No significant difference in operation was found, as can be seen in a comparison of the 
last two rows of table I. Furthermore, a test run of 6 hours duration was made with the 
microthruster in the large vacuum facility. Besides a "discharge out" at the 4-hour 
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mark and a restart at that point, no anomalies were noticed. Also, long -duration flow 
measurements indicated no variation of data from previous tests. 


CONCLUSIONS 

A 2. 5-centimeter-diameter Kaufman microthruster was fabricated and tested. Dis- 
charge power per beam ion for the microthruster had similar low values as for larger, 
advanced-design thrusters when power to the main anode was the only consideration. 
However, the inclusion of keeper power as part of the discharge power resulted in large 
total discharge powers as compared to the larger thrusters. When double ionization 
was kept low, propellant utilization showed a maximum value lower than is found in 
large advanced-design thrusters, in agreement with theory. 

The microthruster was able to operate stably with no hollow -cathode tip heat al- 
though relatively large tip powers were necessary for starting. As a result, the micro- 
thruster at a 445 -micronewton (100-p.lbf) thrust level was able to operate with the use of 
less than 30 watts of electrical power. The steady- state operating power included an 
assumed 7 watts for neutralizer operation. Although a glass grid was initially used for 
the microthruster tests, a low- specific-impulse, two-grid system was successfully in- 
corporated into the design. The program showed that an electron bombardment micro- 
thruster for an auxiliary mission with a thrust level of approximately 445 micronewtons 
(100 /nlbf) could be successfully operated. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, October 16, 1972, 

502-24. 
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